Corticotropin releasing factor mRNA expression in the hypothalamic paraventricular nucleus and the central nucleus of the amygdala is modulated by repeated acute stress in the immature rat.
The developing rat responds to environmental stressors by activation of the hypothalamicpituitary-adrenal (HPA) axis (1, 2) . However, the mechanisms of this hormonal stress response may differ in the neonatal rat compared with the adult. The developmental period between the third and fifteenth postnatal days has been characterized by attenuated hormonal responses and altered gene regulation in response to stress (2) (3) (4) (5) .
The neurohormone corticotropin releasing factor (CRF) activates both hormonal and behavioural responses to a variety of stressors. In both the mature and the developing rat, stress leads to CRF release from the hypothalamic paraventricular nucleus (PVN), resulting in increased plasma adrenocorticotropin (ACTH) and corticosterone concentrations. The stress-induced elevation of plasma corticosterone in the immature rat is dependent on CRF secretion as demonstrated using antisera to CRF (2) . Subsequent to the stress-induced CRF secretion, a compensatory increase in CRF-mRNA expression in the PVN has been observed in the adult rat (6) as well as in the developing rat starting in the second week of life (2) . CRF-containing cells constitute a significant neuronal population in the central nucleus of the amygdala (ACe). The ACe has been shown to be a key regulator of the stress response mediated by CRF release from the PVN [reviewed in (7) ]. For example, ablation or stimulation of the ACe attenuate or mimic, respectively, the effects of stress on CRF release from the PVN (8, 9) . However, the modulation of CRF gene expression in the ACe by stress has not been examined in the developing rat.
The spectrum of differential alterations in the neuroendocrine axis of the adult rat by repeated stress compared with a single acute stress has been a topic of intense study. However, there is relatively limited information regarding the modulation of the neuroendocrine axis of an immature rat with repeated stress (10) . The goal of this study was to analyse the regulation of CRF in the PVN and the ACe of the immature rat in response to single or repeated episodes of acute cold stress.
Results

Stress-induced alterations of CRF-mRNA in the PVN
A single exposure to cold stress resulted in a significant elevation of CRF-mRNA expression in the PVN of 9-10-day-old rat pups 4 h after the termination of stress (P<0.01) ( Fig. 1 ). However, when pups sustained this acute stress three times over the course of 24 h, there was no increase in CRF-mRNA in the PVN 4 h after the final exposure ( Fig. 1 ). In fact, there was a trend (P=0.09) towards a reduction of CRF-mRNA in the PVN after repeated acute stress compared with the unstressed controls. Dark-field photomicrographs of the PVN of control rats and those subjected to single or repeated cold stress are shown in Fig. 2 , demonstrating that levels of CRF-mRNA in matched sections of the parvocellular dorsomedial PVN are higher following a single exposure to cold stress.
Stress-induced differences in CRF peptide content in the hypothalamus
Radioimmunoassay was used to measure the amount of the peptide, CRF, in the anterior hypothalamus (containing the paraventricular, suprachiasmatic and supraoptic nuclei) and in the medial-basal hypothalamus (containing the median eminence and the arcuate nucleus). Although there was no change in CRF peptide content in the anterior hypothalamus following a single exposure to cold stress, repeated stress resulted in a significant (P<0.001) enhancement in CRF levels in this region ( Fig. 3A ). CRF content 4 h after a single stress was slightly lower than in stress-free controls ( Fig. 3A ; 157 pg vs 185 pg). By 28 h following a single stress, CRF content was elevated compared with both the 4 h time-point and to the levels in stress-free controls (238 pg vs 157 pg and 185 pg, respectively). CRF content of the medial-basal hypo-thalamus was not significantly altered by a single or repeated stress ( Fig. 3B ).
Stress-induced differences in CRF-mRNA in the ACe
Analysis of CRF-mRNA expression following single and repeated cold stress in the immature rat revealed that repeated (three times) stress caused an increase in CRF-mRNA in the ACe (P<0.01) ( Fig. 4) . A single exposure to cold stress resulted in a trend (P=0.107) toward increased expression of CRF-mRNA in this nucleus. Dark-field photomicrographs of the ACe of controls and of rats subjected to a single or repeated cold stress are shown in Fig.  5 .
Stress-induced plasma corticosterone
Plasma corticosterone of stressed pups was higher than that of stress-free controls. Levels were obtained at the time of sacrifice of the animals, i.e. 4 h after the last stress episode. Therefore, these plasma corticosterone values do not reflect peak levels, which occur 40-60 min after the termination of cold stress at this age (2) . Plasma corticosterone concentrations averaged 1.12 ± 0.09 μg/dl in controls, 1.73 ± 0.13 μg/dl 4 h after a single stress, and 0.93±0.12 μg/dl 28 h after a single stress. Three stress episodes resulted in plasma corticosterone concentration of 1.50±0.98 μg/dl 4 h after termination of the last stress episode.
Discussion
The major findings of this study are that in the developing rat, a single acute stress increases CRF-mRNA expression in the PVN, but not in the ACe. Conversely, recurrent acute stress up-regulates CRF-mRNA levels in the ACe, while CRF-mRNA expression in the PVN is not enhanced.
These findings extend earlier studies of the effects of acute stress on CRF-mRNA expression in the PVN of the developing rat. The original report demonstrated that a single ageappropriate cold stress resulted in an increase of CRF-mRNA in the PVN of 9-day-old rats (2), consistent with compensatory up-regulation of CRF gene transcription after enhanced secretion of hypothalamic CRF (6) . It should be emphasized that the stressor employed here consists mainly of exposure to a cold environment. The pups are separated from their mother during the cold exposure and for up to 6 h later. However, this manipulation differs substantially from the maternal separation paradigm in regards to the effects of the latter on the activation of the HPA of the infant rat: Rosenfeld et al. (11) demonstrated that an 8 h separation from the mother (even if repeated three times) was insufficient to enhance either basal plasma corticosterone or the subsequent stress response in the 12-day-old rat. Thus, the relatively short separation period accompanying the cold exposure in the current paradigm (≤6 h) is unlikely to contribute significantly to the changes observed in CRF-mRNA and CRF peptide expression in the hypothalamus and ACe.
In the adult rat, repeated stress can lead to an increase (6, 12, 13) , decrease (14, 15) or no change (16) in CRF-mRNA expression in the PVN. It is not clear why stress paradigms differ in their effects on CRF-mRNA expression in this nucleus. One hypothesis is that the different physical and psychological elements of each stressor influence gene expression. For example, repeated injection of hypertonic saline results in a persistent increase in CRF-mRNA (6) . This manipulation is likely to be predominantly an exogenous physiological stress. In contrast, the endogenous physiological stress of adjuvant-induced arthritis (chronic inflammation) results in decreased expression of CRF-mRNA (14) . In addition, the animal may habituate to repeated exposures to a psychological stressor, such as restraint, leading to the observed absence of alteration in CRF-mRNA expression in this paradigm (16) . In the present study, we used the age-appropriate stressor of cold, considered a composite of physiological and of psychological stress (1), and found that repeated exposure to this stress did not increase CRF-mRNA expression in PVN neurons. This finding is in line with the results observed with psychological stress in the adult rat (17) . Teleologically, habituation to chronic disease or recur-rent stress by alteration of the enhanced CRF expression would be advantageous for the survival of the animal. However, in the case of acute physiological stressors, adaptation to the stressor may be detrimental.
A potential mechanism for the lack of CRF-mRNA increase in the PVN with repeated acute stress is negative feedback via glucocorticoids (18) . Glucocorticoids have been shown to depress hypothalamic CRF-mRNA expression (19, 20) . The present study measured plasma corticosterone only at the time of sacrifice, 4 h after the stress exposure (or the last in a series of exposures). Cold stress-induced plasma corticosterone concentration peaks at 40-60 min after the stress with a variable decay profile (2) . Therefore, with the exception of demonstrating that stress-free controls and pups stressed once 28 h earlier have low plasma corticosterone concentrations (approximately 1 μg/dl), we cannot make any quantitative statements regarding the magnitude of the corticosterone response after repeated stress, compared with a single stress.
It has been shown that persistently elevated plasma cortico-sterone concentrations may be maintained in rats subjected to repeated stress, leading to increased glucocorticoidreceptor binding in the hippocampus and PVN and down-regulation of CRF-mRNA expression in the PVN (20) (21) (22) (23) (24) . This notion is supported by decreased CRF-mRNA expression in the PVN of infant rats subjected to the chronic stress of altered maternal rearing (25) . In these pups, both basal and stress-induced plasma corticosterone concentrations are elevated compared with controls (26) . In addition, a recent report documented decreased CRF-mRNA in the PVN of maternally-deprived infant rats with elevated plasma corticosterone concentrations (15) . However, other investigators have not found significant alteration in CRF-mRNA expression with maternal deprivation (27) .
Increased plasma glucocorticoid concentrations and consequent down-regulation of CRF-mRNA expression with repeated stress may also depend on AVP release from the PVN and activation of ACTH release. We have shown that elevation of plasma corticosterone in infant rats after a single acute stress is dependent on CRF. However, a role for AVP has also been demonstrated (5) . In paradigms of chronic or repeated stress, an increase in AVP signalling has been demonstrated in the adult (28) (29) (30) (31) . This switch from CRF-to AVPmediated ACTH release is thought to be controlled both by corticosterone-dependent and independent mechanisms (13) . Thus, AVP-induced increase in plasma corticosterone after recurrent stress in the infant rat may further contribute (via negative feedback) to the reduction of CRF-mRNA in the PVN.
In the current study, levels of CRF in the anterior hypothalamus were elevated after repeated cold stress but not after a single exposure (Fig. 3A) . This result is consistent with repeated and chronic stress paradigms in adult rats which demonstrate increased CRF content in the PVN (32, 33) . The causes of the discrepancy between the effects of single and multiple acute stress episodes on peptide and mRNA levels in the PVN are not fully resolved. One factor that may contribute to this discrepancy is the time-point after stress at which CRF expression was measured. We assayed CRF-mRNA and peptide 4 h after the termination of the stressful episode. At that time, it is conceivable that the mRNA had already been upregulated but that insufficient peptide had been transcribed to alter immunoreactive peptide content. Following repeated stress, CRF peptide content may be elevated as a result of the increased transcription induced by previous stress, while glucocorticoid feedback has already resulted in down-regulation of further CRF gene expression (measured by CRF-mRNA). Indeed, our finding of increased peptide 28 h after a single stress supports this notion. In addition, regulation of intracellular stores of the peptide and axonal transport to the median eminence may be important in determining relative peptide and mRNA concentrations.
Despite the elevation of CRF in the anterior hypothalamus, there was no change in CRF content in the medial-basal hypothalamus, suggesting that the stores of CRF peptide in the median eminence are not depleted with the repeated stress ( Fig. 3B ). Because the content of CRF in the medial-basal hypothalamus was only measured at a single time-point, changes in content earlier or later than 4 h after stress cannot be excluded. However, the observed pattern suggests enhanced CRF availability for release in the repeated stress paradigm; this is consistent with facilitation of the stress response documented in both the adult (34) and the developing rat (10) . In concordance with Akana et al. (34) , we also found no increase of CRF-mRNA in the PVN after repeated stress. Our findings are consistent with a model of facilitation in which input to the PVN results in increased peptide content and secretion without significant alterations in steady-state mRNA expression.
A strong candidate source of CRF-enhancement in the PVN is input from the ACe. Recent experiments in the adult rat have shown that expression of CRF-mRNA in the ACe is responsive to stress (35) , and that corticosterone increases expression of CRF-mRNA in the ACe, but decreases expression in the PVN (20, 36) . The present study in the immature rat demonstrates that repeated stress results in decreased CRF-mRNA expression in the PVN and increased expression in the ACe, consistent with the data in the adult (36) . The 25% increase in CRF-mRNA expression in the ACe demonstrated in the current study ( Fig. 4) is comparable with the changes observed following corticosterone treatment in the adult (20-40%) (36) . In addition, we found a 59% increase in CRF-mRNA in the PVN after a single exposure to cold stress. These changes in total steady state CRF-mRNA are quite remarkable given that even complete elimination of negative feedback, via adrenalectomy, resulted only in a 52% increase of CRF-mRNA expression in the PVN (19) .
The mechanism for the findings reported here (Fig. 6 ) may derive from the effects of repeated stress on plasma glucocorticoid levels, and the differential effects of glucocorticoids on the ACe and PVN: repeated stress is likely to result in cumulatively more corticosterone production, causing decreased CRF-mRNA in the PVN but increased expression in the ACe (36) . Thus, the current study provides a mechanism by which increased CRF-mRNA expression in the ACe may maintain an organism's response to stress even in the presence of elevated corticosterone. Furthermore, these results indicate a differential regulation of CRF in the PVN and in the ACe and, within each region, in response to a single or repeated acute stress. Changes in the expression of CRF-mRNA in the ACe of the immature rat may play a role in the long-term alterations of the neuroendocrine system observed in response to early-life stress.
Materials and methods
Experimental design
In the morning (10.00 h) of postnatal day 9, two groups of rat pups were subjected to cold stress. Four hours after the termination of the stress, one group of rats was sacrificed (1×stress group). The other group was again subjected to cold stress and then returned to the mother (total separation time from the mother was 5-6 h). The next morning (10.00 h), this group was subjected to cold stress for a third time and sacrificed 4 h after the termination of this final exposure (3×stress group). The time-point of 4 h after cold exposure was chosen to coincide with peak compensatory CRF-mRNA expression in the PVN (2) . The control group of rats was sacrificed under stress-free conditions (within 2 min of disturbance). For analysis of CRF peptide content, additional rat litters were divided into groups consisting of: control (sacrificed under stress-free conditions), single cold exposure, with sacrifice time of 4 h or 28 h later, and multiple (3×) stress group which was sacrificed 4 h after the termination of the third stress episode. All rats were sacrificed at the same time of day (14.00-15.00 h). For technical reasons, experiments were performed in batches to allow for 5-6 rats in each experimental group. However, each experiment was performed with two mixed litters of the same age and included all experimental groups.
Animals and tissue preparation
All experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care Committee. Timedpregnancy Sprague Dawley-derived rats (Zivic-Miller, Zelienople, PA, USA) were maintained in an NIH-approved animal facility on a 12 h light/dark cycle. Cages were monitored every 12 h for the presence of pups and the date of birth was considered day 0; litters were culled within 24 h of delivery to 12 pups. At the appropriate time-points, rats were decapitated and the brains were rapidly removed and either microdissected on ice and frozen for quantification of CRF or frozen on dry ice for subsequent in situ hybridization.
Trunk blood was collected at time of sacrifice for analysis of plasma corticosterone levels by radioimmunoassay (ICN, Irvine, CA, USA) as previously described (37) . Assay sensitivity was 0.5 μg/dl and interassay variability was less than 5%.
Acute cold paradigm
Rat pups were subjected to cold stress as previously described (2) . Briefly, pups were separated from the mother and subjected to maximally tolerated cold exposure as defined by development of rigor and little response to tactile stimulus. Maximum exposure required 40-50 min at 4 °C and resulted in an average rectal temperature of 11 °C. Following cold stress, pups were placed on a euthermic pad where they regained normal core temperature of 33-34°C in 10-15 min
In situ hybridization histochemistry
In situ hybridization histochemistry was performed as described previously (2, 37) . Briefly, 20 micrometer coronal sections were collected on gelatincoated slides and stored at −80 °C. These tissue sections were thawed, airdried, fixed in paraformaldehyde, dehydrated and rehydrated through graded ethanols. Sections were exposed to 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8) and dehydrated. Prehybridization and hybridization steps were performed at 40 °C in a humidified chamber in a solution of 50% formamide, 5×SET, 0.2% SDS, 5×Denhardt's, 0.5 mg/ml salmon sperm DNA, 0.25 mg/ml yeast tRNA, 100 mM dithiothreitol and 10% Dextran sulphate. Following a 1 h prehybridization, sections were hybridized overnight (20 h) with a deoxyoligonucleotide probe complementary to the coding region of CRF-mRNA and 3′ end-labelled with 35 S-dATP as previously described (37) . Sections were then washed as described (2) and apposed to film (Hyperfilm β-Max, Amersham, IL, USA) for 5-7 days. Selected sections were also dipped in emulsion (NTB-2, Eastman Kodak, Rochester, NY, USA) and exposed for 3-4 weeks.
Acquisition and quantitative analysis of CRF-mRNA in situ hybridization signal
Semiquantitative analysis of CRF-mRNA was performed following in situ hybridization. A digitized image of each brain section was acquired using a StudioStar scanner (AGFA, resolution 1,200×1,200 dots per inch) and analysed using the ImageTool software program ( University of Texas Health Science Center, San Antonio, TX, USA, version 1.25). Densities were calibrated using 14 C standards and are expressed in μCi/g after correcting for background by subtracting the density of the hybridization signal over the corpus collosum (for PVN sections) and internal capsule (for ACe sections). For a balanced comparison of the PVN and ACe between the different experimental groups, only the five highest density values were used from each brain. The significance of observed quantitative differences among experimental groups was evaluated using the unpaired Student's t-test with Welch's correction for unequal variance as required.
Analysis of CRF peptide
Immediately after decapitation, brains were microdissected to isolate the medial-basal hypothalamus (containing the median eminence and arcuate nucleus) and the anterior hypothalamus (containing paraventricular, suprachiasmatic and supraoptic nuclei, as well as the anterior hypothalamic and medial preoptic areas). Tissue blocks were placed individually in microfuge tubes and frozen in powdered dry ice. CRF peptide was purified by a modification of a previously described procedure (38) . Briefly, tissue was thawed in extraction buffer (0.25 N HCl, 0.25 N acetic acid, 4.5 μg/ml pepstatin A (Sigma, St Louis, MO, USA), and 0.5% β-mercaptoethanol) at 48 °C for 3 min followed by homogenization (10 strokes with a micro tissue grinder, Kontes, Vineland, NJ, USA) on ice. The homogenate was sonicated (15 s at 75% power, 0.8 duty cycle, Braun sonicator) a total of four times on ice. The preparation was centrifuged at 15 600 g for 30 min at 4 °C. The supernatant was transferred to a new tube, the centrifugation was repeated, and the supernatant was desiccated to near dryness in a speed-vac. The preparation was resuspended in 400 μl of assay buffer (39) containing 1 μg/ml of phenol red and the pH was adjusted to 7.2-7.6 using NaOH.
Radioimmunoassay (RIA) for CRF peptide was performed as previously described (39) Relative abundance of corticotropin releasing factor (CRF) mRNA in the hypothalamic paraventricular nucleus (PVN) of 9-10-day-old rats following single and repeated exposure to cold stress. In situ hybridization (ISH) was performed to detect CRF-mRNA in brain sections from rats sacrificed under stress-free (SF) conditions or rats subjected once (1×) or three times (3×) to cold stress 4 h prior to sacrifice, as described in materials and methods. Single exposure to cold stress resulted in a significant increase in CRF-mRNA in the PVN (*P<0.01) compared with SF controls. Repeated exposure to cold stress resulted in a nonsignificant trend toward decreased expression of CRF-mRNA in the PVN (P=0.09). Each bar represents the average with the standard error of the mean of 16-21 samples from 4-5 brains per group. Dark-field photomicrographs of CRF-mRNA hybridization signal in the PVN. Nine or 10day-old rats were either killed under stress-free conditions (A) or subjected once (B) or three times (C) to cold stress 4 h prior to death. A single exposure to stress resulted in elevated levels of CRF-mRNA in the PVN with an apparent increase in the number of cells with detectable signal. CRF-mRNA was detected by ISH in 20 μm coronal brain sections. The third ventricle is represented by III; bar represents 0.1 mm.
Fig. 3.
Corticotropin releasing factor (CRF) peptide levels in the anterior hypothalamus increase with repeated exposure to cold stress. CRF peptide extracted from the anterior hypothalamus (A) or the medial-basal hypothalamus (B) was measured by radioimmunoassay. Rats were sacrificed under stress-free conditions (SF), 4 h after a single exposure (1×), or repeated exposures (3×) to cold stress. The values are expressed as the mean total CRF peptide content of each brain region, obtained from at least five rats per group. Error bars represent the standard error of the mean, and the star indicates a significant difference from SF controls (P<0.001).
Fig. 4.
Relative abundance of CRF-mRNA in the central nucleus of the amygdala (ACe) of 9-10day-old rats following a single or repeated exposure to cold stress. Hybridization signal for CRF-mRNA was analysed in the ACe of rats sacrificed under stress-free (SF) conditions or rats subjected once (1×) or three times (3×) to cold stress 4 h prior to sacrifice (see materials and methods). Repeated stress resulted in a significant increase in CRF-mRNA expression in the ACe (*P<0.01) compared with SF controls. Each bar represents the mean (standard error of the mean of 17-30 samples from 4-6 brains per group. Dark-field photomicrographs of CRF-mRNA hybridization signal in the central nucleus of the amygdala of 9-10 day-ld rats. Animals were either sacrificed under stress-free conditions (A), or exposed once (B) or three times (C) to cold stress 4 h prior to sacrifice. CRF-mRNA expression was elevated in the ACe after repeated exposure to cold stress. Bar represents 0.05 mm. Schematic representation of the modulation of neuroendocrine components of the stress response in the immature rat with single or repeated stress. (A) A single stress is associated with CRF release from the hypothalamus, leading to elevated plasma corticosterone (CORT) levels. CORT negatively regulates CRF expression in the hypothalamic paraventricular nucleus (PVN, dashed line) but tends to up-regulate CRF-mRNA production in the central nucleus of the amygdala (ACe, solid line). (B) With repeated stress, cumulative plasma CORT [augmented perhaps also by vasopressin (AVP) secretion and activation of pituitary corticotrophs] further inhibits CRF-mRNA levels in the PVN. However, a significant augmentation of CRF-mRNA levels in the ACe (darkly shaded ACe-CRF) is evident. AP, anterior pituitary.
